It is generally agreed that the human body depends largely on the phagocytic mechanism in repelling an invasion by the pneumococcus. The conditions, however, under which this organism gains an entrance and causes pneumonia are still little understood. We say that the patient's resistance was lowered at the time of infection, but this phrase "lowered resistance" helps us very little towards an understanding of what it is in the normal resistance that breaks down. We are uncertain whether the infection is endogenous or exogenous or, as is more probable, is either; whether the mechanism of resistance depends on the phagocytic action of the blood alone, or, as is more probable, of a combination of blood and fixed cells; whether resistance is lowered generally against all the strains of pneumococcus, or whether it is naturally low against the type which infects; whether the resistance of the whole body is lowered, or is only lowered locally from one cause or another, at the point where the pneumococcus invades the tissues. The approach to the solution of many of these problems is obviously difficult in experimental animals, and still more difficult in the human subject. There is, however, one of these problems which lends itself to experimental investigation, viz., the phagocytic titre of human whole blood against each of the three well-known types of the pneumococcus. It is not contended for a moment that the phagocytic titre of the blood is a complete expression of the resistance of the individual against the pneumococcus, but it is reasonable to assume that it is a factor in that 675
PHAGOCYTOSIS OF PNE~OCOCCUS. I resistance, and--short of actually infecting the individual with living organisms--the only way available at present of obtaining any quantitative expression of general resistance, however imperfect it may be. The "phagocytic titre" of a blood is expressed in the number of organisms a certain amount of the blood will phagocyte and kill, the organisms being incubated in the blood under conditions suitable for phagocytosis. No attempt has been made to standardize quantities, times or conditions, but the experiments were all uniform in these respects so that the results obtained can be compared with one another. The method employed in determining the phagocytic titre of the blood is a modification of one described by Todd (1), and used by him for another purpose, ~z., the estimation of the comparative virulence of certain strains of haemolytic streptococci.
In this method, a constant amount of whole blood is placed in a series of tubes, and to each of the tubes is added a decreasing number of org~fisms, so that--for example--the first tube is inoculated with 500,000 organisms, the second tube with 50,000 organisms, the third tube with 5000 organisms, and so on. The tubes ~re sealed and placed in a rotating box in the incubator. After some hours' incubation, the tubes are opened and the contents plated out. The plates are incubated and read next day. It is evident that whether the contents of the tubes are sterile or not--as shown by the plates--depends on three main factors, dz., the numberof organisms, the virulence of the organisms, and the phagocytic power of the whole blood. As the number of organisms can easily be controlled, the method can be used to determine either the virulence of the organisms, by always using the same blood, or the phagocytic power of the blood by always using the same organisms, if their virulence can be maintained at a constant level. The maximum number of organisms killed is in the one case the direct measure of the phagocytic power of the blood, and in the other case the indirect measure of the virulence of the organism. In other words, the more organisms that are killed, the more actively phagocytic is the blood in the former case, and the less virulent is the organism in the latter case.
The technique that has been used in these experiments for determining the relative phagocytic titres of certMn human bloods will now be described. It follows fairly closely that used by Todd in his experiments (1).
The special apparatus necessary is, firstly, a supply of pyrex tubes, about 10 cm. long, 7 ram. inside diameter. These can be made very easily from pyrex tubing, using an oxygen flame. Care should be taken that the bottom of the tube is rounded off, and not drawn out into a point. The open end of the tube is plugged with cotton wool, and the tubes sterilized in the hot air oven. Just before starting the experiment s the cotton wool plugs are removed, and the open end of the tubes covered with sterile glass caps, as these are more convenient to remove and replace than the wool plugs. The caps can be made from tubing whose inside diameter is about 10 ram.
Secondly, a rotating mechanism, so that the tubes can be rotated about their long axis, while they are being incubated. Rotation is essential, because if the tubes are simply allowed to stand in the incubator, the leucocytes sink to the bottom of the tube and the organisms grow in the cell-free upper layers of the blood. A simple form of rotating machine is made by coupling a 1/20 horse power motor (2000 r.p.m.) to a speed-reducing gear (48:1) with a loose leather belt, and then with a similar belt coupling the speed reducing gear to a shaft carried in two bearings placed about 30 cm. part. On opposite sides of this shaft, between the bearings, are firmly bolted two wooden boxes, 23 cm. long, 15 cm. wide, and 5 cm. deep. Each box is provided with a hinged lid. The motor, speed-reducifig gear, and the supports carrying the bearings for the shaft, are mounted on a board. The supports for the shaft bearings should be tall enough to permit the boxes to swing clear of the board. The secondary shaft of the speedreducing gear rotates about eighteen times per minute and a further reduction is necessary. By using pulley-wheels of suitable size on the secondary shaft and on the shaft carrying the boxes, the revolutions of the latter shaft are reduced to about six per minute, which is a convenient rate. The apparatus is placed in the incubator and the motor connected up. When the tubes are filled and sealed, they are placed in the boxes with their long axis across the long axis of the shaft, packed in firmly with wool, the lid closed down, and the motor started. The special receptacle for each tube described by Todd was not thought necessary.
Although not essential, a special Dreyer pipette for use with the tubes is a convenience. This pipette is made of tubing whose outside diameter is 5 ram. The body of the pipette is about 15 cm. long. One end is lipped for use with a rubber nipple, and the other end is drawn out into a thick-walled capillary, 25 ram. long. This pipette is graduated to deliver 0.5 cc. from one mark on the body of the pipette to the tip of the capillary, and 1.0 cc. from a second mark on the body of the pipette to the tip of the capillary.
The individual whose blood is to be tested is bled from the arm vein, and the blood placed in a sterile flask, containing glass beads. The flask is agitated continuously, until defibrination is complete. For reasons which will be considered later, it is important that the blood should be defibrinated thoroughly. 0.5 cc. of blood is then placed in the bottom of each tube, filling as many tubes as are necessary for the experiment. Care should be taken not to get any blood on the upper part of the tube, as it would be charred in the subsequent sealing of the tubes. If the special pipette described above is used to fill the tubes, it is first cleaned and sterilized by connecting it with a suction apparatus, drawing water, alcohol and ether, successively, through the pipette, and then flaming it. A rubber nipple is fitted to the pipette, and with a little practice, the tubes can be quickly and cleanly filled with the required amount of blood. If an ordinary sterile graduated pipette is used, it should be quite thin, so that the tip can be placed in the bottom of the tube, before allowing the blood to run
The organisms to be used, in these experlments pneumococcus Types I, II and III, are incubated for 18 hours in hormone broth, to which a drop of rabbit blood has been added. Their virulence is of course tested on mice from time to time to insure that they are cultures of maximum virulence. As a further check, the cultures are plated out in each experiment and the colonies examined for smoothness. Just prior to adding the organisms to the tubes containing the blood, the culture is diluted successively in hormone broth, the dilutions used being 1/10, 1/100, 1/1000, 1/10,000, 1/100,000 and 1/1,000,000 of the original culture. With the special Dreyer pipette, one drop of the 1/10 dilution of culture is added to the first tube of blood, one drop of the 1/100 dilution to the next tube, and so on. The actual amount of fluid in one drop of the culture dilution can be readily calculated for a particular pipette by ascertaining the number of drops which will exactly fill a 10 cc. graduate. The drop is used instead of the delivery of a certain amount, say 0.1 cc., from a graduated pipette, because, in the first place, the drop is a more accurate measurement, and, in the second place, it was thought desirable to disturb the concentration of the various constituents of the blood as little as possible by adding the smallest possible measured amount of culture. Finally, a drop (of course from the same pipette) of the 1/100,000 dilution of the culture is allowed to fall on a blood plate. The drop is spread out, the plate incubated, and the colonies counted the next day. In this way, one can estimate approximately the number of diplococci added to each tube.
In an actual experiment to estimate the phagocytic power of a particular blood against the three types of pneumocoecus, there would be in all eighteen tubes, six tubes inoculated with the Type I culture in its various dilutions from 1/10 to I/1,000,000, six tubes with Type II, six tubes with Type III. After the tubes have been inoculated, the glass caps are removed, and the open ends sealed in an oxygen flame, care again being taken to round off the end of the tube. The tubes are then packed into the boxes of the rotating apparatus in the incubator, and the motor started. The next day, the tubes are taken out of the apparatus, the upper ends flamed, nicked with a file, and the tube broken open. One loopful from each tube is then streaked out on a blood agar plate. Usually, six tubes are streaked on one plate. The plates are incubated, and the amount of growth estimated on the following day. In the tables in the text, the following signs are employed to indicate the amount of growth: Maximum growth = 4-4-4-4-; Near maximum growth = 4-+ 4-; Moderate growth = 4-4-; Slight growth = 4-; Sterility = O. In the tubes with maximum growth, the oxygen in the tubes is used up, and the haemoglobin reduced, so that the blood appears very dark red to black in color. It is unwise, however, to rely on the color, as a tube containing dark blood may pos-sibly be contaminated, and a tube containing red blood may contain some living organisms.
T e n n o r m a l a d u l t m a l e s were t e s t e d in this w a y , w i t h t h e results given in T a b l e I.
A r e p e t i t i o n of the e x p e r i m e n t p 
r o d u c e d similar results. I n a d d ition, it was f o u n d t h a t B l o o d A could n o t kill t e n t i m e s t h e m a x i m u m

r of T y p e I a n d T y p e I I o r g a n i s m s shown in this table, nor could B l o o d D kill t e n t i m e s t h e m a x i m u m n u m b e r of T y p e I org a n i s m s shown in t h e t a b l e . T a b l e I, then, p o r t r a y s v e r y f a i r l y
t h e m a x i m u m n u m b e r of v i r u l e n t o r g a n i s m s these bloods were able to d e s t r o y . S t r i k i n g differences are seen in the p h a g o c y t i c titre.
Blood A and Blood D can kill at least 300,000 Type I organisms, while Blood F cannot even kill 3 diplococci of this type. Weakness against one type is not PHAGOCYTOSIS OF PNEUMOCOCCUS. I associated with weakness against the other types, as is shown by Blood F and Blood G. Subsequent tests which were carried out from time to time showed that the titre apparently remained constant, except in the case of Blood C. This individual was frequently bled some 40 to 50 cc. over a period of 2 or 3 months. At the end of this period, his phagocytic titre had definitely fallen against all three types.
As was to be expected, the cells in these specimens of blood were equally effective, whether the titre was high or low.
Thus, in the case of Blood A and Blood G, the phagocytic titre of A's serum and G's washed corpuscles was equal to the phagocytic titre of A's whole blood, and G's serum and A's washed corpuscles were only able to phagocyte as many organisms as G's whole blood.
Having obtained in this way an estimate of the phagocytic titre of normal human blood, and the range of variation that can occur in healthy subjects, attention was then turned to individuals infected with pneumococci. Blood was withdrawn from cases of pneumonia in the early stages before antiserum had been given, and tested by this technique. Suffice it to say that the phagocytic titre of such blood was well within the normal variation, and was not even depressed against the type of pneumococcus which was responsible for the pneumonia.
For example, a child, suffering from a Type IV infection, with irregular temperature and intermittent bacteraemia, had a high titre against her own organism. As post-operative pneumonias are not uncommon after operations in the upper abdominal area, an examination of the phagocytic titre was carried out on the day before and the day after operation, in order to find out whether the shock of operation lowered the titre. No change in titre was found, and in one of these cases, a mild pneumonia developed.
A few experiments were done with animal's blood. For reasons which are not wholly understood at present, inconstant and unsatisfactory results were obtained with rabbit whole blood, both normal and immune. The whole blood of a Type I immunized horse was able to kill 500,000 Type I diplococci, but was unable to kill ten times that number. Thus, it is on a par with the blood of A and D, normal individuals. Of course, it is realized that the serum of this horse's blood could have been diluted many times and still have been just as efficient in a phagocytic system, whereas the serum of the normal human blood would not retain its efficiency, if much diluted. And therein lie the limitations of this simple test as outlined above--it does not give a measure of the opsonic content of the serum, if that content rises above a certain level, as it certainly does after immunization. In order to do this, a more complicated test is necessary--the immune serum must be diluted progressively and added to normal blood (see Paper II). There are at least two limiting factors in the simple test, when immune blood is used. One of these is the anti-phagocytic action of the precipitate formed when antiserum is mixed with undiluted culture fluid containing the specific carbohydrate (see Paper II), so that one is limited in the amount of culture one can add to the blood. The second limiting factor is the number of leucoctyes available for phagocytosis, as is shown in the following experiment. A quantity of normal human whole blood was centrifuged, the serum removed, and the cells thoroughly washed with normal saline solution. Mixtures were then made of the serum and the washed cells, so that the number of leucocytes diminished from the normal count to 1000 cells per cubic millimeter. These mixtures were then tested for the maximum number of organisms each would phagocyte, with the result seen in Table II. From Table II it is seen that as the number of leucocytes diminish, so do the maximum number of organisms that are phagocyte& A very striking drop takes place when the number of leucocytes falls from 3600 to 2000. The reason for this critcal change---the fall in leucocytes being out of all proportion to the fall in number of diplococci phagocyted--is not known. Attention was drawn to it in the first place by a specimen of blood showing an unaccountable fall in phagocytic titre against all three types. The leucocyte count was only 1500 per cubic millimeter, and examination showed that it had partially clotted during defibrination with consequent entangling of a great number of leucocytes in the clot.
In the case of normal blood, there are also at least two limiting factors in the simple test. The first is the number of leucocytes available, and the second is the anti-phagocytic action of the specific carbohydrate in the culture fluid. An immune serum can easily neutralize a large amount of this substance, but a normal serum can only neutralize a very small amount. This antagonistic action of the specific carbohydrate on phagocytosis has been studied by Wadsworth (2), who worked with pneumococcus filtrates, using the opsonic technique, and by Sia (3) , who worked with the carbohydrate and used the more elaborate phagocytic technique developed by Robertson and Sia (4) . In the present study, Sia's work was confirmed. It was found that the specific carbohydrate of Type I was anti-phagocytic when added to blood inoculated with Type I organisms, but had no such action when the blood was inoculated with organisms of the other types. In other words, its anti-phagocytic action is specific. It was also found that weight for weight, the Type III specific soluble substance was far more powerful in its anti-phago-cytic action than the Type I carbohydrate. No Type II carbohydrate was available, but it is probable that its action is intermediate between that of Type I and that of Type III. Further, it can easily be demonstrated that, when grown in broth, the Type III organism produces much more precipitinogen, and the production is more rapid than in the case of Type I, and there is every reason to believe that the predpitinogen found in the culture fluid is either the specific soluble substance itself, or a substance closely akin to it. Some of these points are demonstrated in Table III . The significance of these differences between the production and the actions of Type I and Type III specific soluble substances will be referred to again in Part II, which deals with the neutralization of these substances by their specific antiserums. The specific soluble substance is considered here, because its presence in culture fluid limits the number of organisms that normal blood can phagocyte.
DISCUS SION
The phagocytic titre of whole blood against the three types of pneumococcus varies considerably in different individuals, and varies in each individual against each of the three types. There would, however, appear to be no grounds for believing that the phagocytic titre of normal human blood, as measured by this technique, is a very important factor in determining infection. It is obviously impossible to obtain the titre of an individual just before he comes down with pneumonia, but early in the disease, there is certainly no marked depression of the titre against the infecting organism. Moreover, the shock of operation has no influence on the titre, so that can not be a factor in post-operative pneumonia. If no lowering of resistance can be detected in the blood, it is unlikely that it is a general condition. This would, of course, point to a local breakdown in resistance as the important factor in pneumococcus infection. In this connection the work of Powers (5) should be considered. This author found that the incidence of post-operative pneumonias was much more frequent in operations in the upper abdomen than in other regions of the body, and that after these operations, the vital capacity of the lungs falls to a very low level. The correlation between the incidence of post-operative pneumonia and lowered vital capacity is dear, but it is not so clear
